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Introduction {#sec1}
============

Nuclear reprogramming from terminally differentiated somatic cells into induced pluripotent stem cells (iPSCs) is achieved by ectopic expression of several pluripotency-associated transcription factors, including OCT4, SOX2, KLF4, MYC, NANOG, or LIN28 ([@bib35], [@bib37], [@bib50]). This seminal technology provides a promising source for autologous organ transplantation, drug discovery, and disease modeling, opening a new era in the field of regenerative medicine ([@bib32], [@bib38]). When compared with somatic cell nuclear transfer, reprogramming of human fibroblasts (HFs) is a time-consuming (3--4 weeks) and inefficient (\<0.01% of cells) process ([@bib49]). Somatic cell reprogramming can also be hampered by random mutations appearing in the course of reprogramming and during maintenance ([@bib10], [@bib13], [@bib18]). To reduce the risk of genetic and epigenetic variations in human iPSC (hiPSC), higher reprogramming efficiency and optimized cultivation conditions are of great importance. Furthermore, improved reprogramming efficiency for the generation of individual patient\'s own iPSCs will allow the development of personalized transplantation that avoids risks such as immune rejection caused by allogeneic transplantation ([@bib20], [@bib30]). When compared with genetic manipulation, small molecules show advantages in controlling the reprogramming process and have been intensively investigated ([@bib47]). Small molecules contribute to the establishment of more efficient and reliable protocols for the generation and maintenance of pluripotent stem cells (PSCs) ([@bib44]). Although mouse chemically induced PSCs have been obtained by small-molecule cocktails ([@bib12]), it seems that HFs are more resistant and chemical cocktails for generation of human iPSCs are not available yet.

A successful reprogramming process from fibroblasts to iPSCs requires proper histone modification, such as the repression of mesenchymal-associated markers and activation of pluripotency-associated genes ([@bib19]). In general, hypermethylation of H3K4 is found close to transcription start sites (TSS) and is related to gene activation, whereas methylations of H3K27 and H3K9 represses gene expression ([@bib25]). Very recently, analysis of the global landscape of histone markers confirmed the enrichment of H3K27Me3 and H3K9Me3, and the lack of H3K4Me3 at promoters of reprogramming-associated genes in the reprogramming-resistant naked mole rat fibroblasts ([@bib39]). To overwhelm epigenetic barriers, a number of chemical inhibitors targeting histone methyltransferases (HMTs), histone demethylases (HDMs), and histone deacetylase (HDAC) have been introduced for reprogramming ([@bib47]). KDM5, also known as JARID1, is a H3K4-specific HDM and is considered as a repressor of gene expression ([@bib16]). Little is known about the function of KDM5 chemical inhibitors in somatic cell reprogramming.

We report that 2-arylpyrimidazoles, including zolpidem, (a US Food and Drug Administration-approved drug for insomnia treatment; [@bib45]) act as pluripotency inducers to promote the generation of iPSCs from patient fibroblasts by targeting H3K4-specific demethylase, KDM5. We show that KDM5A, but not its family member KDM5B, is an epigenetic barrier in somatic cell reprogramming.

Results {#sec2}
=======

Identification of Imidazopyridines as OCT4 Inducers by Cell-Based High-Throughput Screening {#sec2.1}
-------------------------------------------------------------------------------------------

In an effort to find new chemical pluripotency inducers, we performed high-throughput screenings (HTSs) from a library containing ∼250,000 chemicals. The screen was based on cellular luciferase reporter assays, controlled by the promoter activity of pluripotency-associated transcription factors in HEK293 cells ([@bib7], [@bib8]). Drug repurposing provides a successful way to develop new therapies with known, medically approved drugs within remarkably short periods ([@bib9]). With the expectation of having advantages in terms of pharmacodynamics and pharmacokinetics, we intentionally sought for chemicals sharing backbones with approved drugs. In the screen, we found nearly 4,000 imidazopyridine derivatives with significantly differential luciferase activities in the HEK-OCT4 reporter cell line ([Figure S1](#mmc1){ref-type="supplementary-material"}A). To study this class of compounds in detail, we selected and synthesized the lead structure, 6-methyl-2-(p-tolyl)imidazo\[1,2-a\]pyridine (compound 1, [Figure 1](#fig1){ref-type="fig"}A), by heating ɷ-bromoacetophenone with an excess of 2-aminopyridine for 3 h to achieve a yield of \>95% ([@bib5]).Figure 1Identification of Imidazopyridine Analogs as OCT4-Inducing Compounds(A) Synthesis of the compound 1.(B and C) (B) O4I3 activates OCT4 in NCCIT-OCT4 response element (RE)-driven luciferase reporter cells and (C) NANOG in NCCIT-NANOG RE-driven luciferase reporter cells after 48h treatment.(D) Activity of O4I3 derivatives (50 nM) in NCCIT-OCT4 cells.(E) Functional enrichment analysis shows statistically significant enrichment in Gene Ontology terms related to pluripotency, development, and homeostasis in O4I3-treated PSCs for 24 h. Red, upregulated genes; blue, downregulated genes. p values represent values after multitest adjustment (see details in [Transparent Methods](#mmc1){ref-type="supplementary-material"}).(F) qRT-PCR analysis of pluripotency- and differentiation (diff)-related gene expression in O4I3-treated hPSCs at a concentration of 10 nM for 48 h.In (B), (C), and (F) statistical significance was compared with mock (01% DMSO) treatment, whereas in (D) it was compared with O4I3 treatment using two-way ANOVA and a post-hoc Tukey test. Data are represented as mean ± SD. \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05.

To examine the activity of endogenous OCT4 and its downstream gene NANOG, we generated reporter cell lines in human embryonic carcinoma cell lines (NCCIT), whose luciferase transcription is driven by response elements of either OCT4 (NCCIT-OCT4) or NANOG (NCCIT-NANOG). We found nearly 10-fold inductions of both OCT4 and NANOG by compound 1 at low nanomolar doses when compared with untreated cells ([Figures 1](#fig1){ref-type="fig"}B, 1C, and [S1](#mmc1){ref-type="supplementary-material"}B). We then referred to it as *OCT4-inducing compound 3* (O4I3). It has been shown that transient overexpression of OCT4 can lead to the differentiation of embryonic stem cells (ESCs) to extraembryonic endoderm and mesoderm ([@bib21], [@bib24]). We found the induction of T and GATA4 in human PSCs (hPSCs) treated with 10 μM O4I3 ([Figure S1](#mmc1){ref-type="supplementary-material"}C), suggesting that O4I3 might transiently hyperactivate OCT4 at high concentrations, which led to the differentiation and reduction of OCT4 activity ([Figure 1](#fig1){ref-type="fig"}B). We also tested the activity of zolpidem (containing the imidazopyridine backbone) in both reporter cell lines and detected an approximate 2-fold induction in NCCIT-OCT4 and NANOG reporter cells at a concentration of 10 μM ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). Collectively, these results documented that O4I3 and zolpidem activated OCT4 at both the transcriptional and translational levels.

Pan-assay interference compounds are a class of compounds, referring to the hits from HTS, which give rise to an artificial signal in a drug-unlike manner ([@bib3]). We chemically expanded O4I3 by replacing the CH~3~ group at the phenyl moiety with various substituents on the aryl moiety ([Table S1](#mmc1){ref-type="supplementary-material"}) and found that compounds induced drug-like, structure-dependent activations in NCCIT-OCT4 cells ([Figure 1](#fig1){ref-type="fig"}D).

O4I3 Maintains Pluripotency of Human iPSCs {#sec2.2}
------------------------------------------

Functional annotation and enrichment analysis of DNA microarray in O4I3-treated hPSCs showed that O4I3 (10 nM) promoted hPSC homeostasis and repressed cellular differentiation ([Figures 1](#fig1){ref-type="fig"}E and [S2](#mmc1){ref-type="supplementary-material"}A). qRT-PCR results confirmed that O4I3 stabilized or slightly increased the expression of pluripotency-associated genes (OCT4, SOX2, NANOG, and NODAL) and suppressed differentiation-related gene expression (GATA4, GATA6, PAX6, and SOX7) ([Figure 1](#fig1){ref-type="fig"}F). Cellular viability of hPSCs was increased up to 4-fold at low nanomolar concentrations of O4I3 when compared with cells treated with Rock inhibitor (Y-27632) ([Figure S2](#mmc1){ref-type="supplementary-material"}B), a small molecule able to increase hPSC survival ([@bib44]). Fluorescence-activated cell sorting (FACS) analysis confirmed that O4I3 (10 nM) supports pluripotency during the maintenance of hPSCs after at least 30 passages under feeder-free conditions as shown by the expression of TRA-1-81 and OCT4 ([Figure S2](#mmc1){ref-type="supplementary-material"}C). In addition, zolpidem also promoted the maintenance of iPSCs at a concentration of 10 μM ([Figure S2](#mmc1){ref-type="supplementary-material"}B).

O4I3 Promotes the Conversion of Human Resistant Fibroblasts into hiPSCs {#sec2.3}
-----------------------------------------------------------------------

Analyzing the effects of O4I3 on HFs, we detected the activation of reprogramming-associated genes at the mRNA level ([Figures 2](#fig2){ref-type="fig"}A, 2B, and [S3](#mmc1){ref-type="supplementary-material"}A), which included an approximately 10-fold induction of OCT4 (∼0.1% versus in hPSCs) and NANOG (∼1% versus hPSCs) and an about 100-fold increase of SOX2 (∼1% versus hPSCs) and CDH1 (∼10% versus hPSCs). We applied O4I3 in a commercially available episome-based reprogramming cocktail suitable for biosafety level 1 laboratory ([@bib22]). These episomal vectors induce the expression of OCT4, SOX2, KLF4, LIN28, and L-MYC, and suppress p53 expression (referred to as OSKM). When compared with OSKM-only-treated fibroblasts, adding O4I3 (50 nM) to the cocktail increases the number of TRA-1-60-positive colonies (10--20 times) in both human primary fibroblasts (HF1 and HF2, [Figure 2](#fig2){ref-type="fig"}C).Figure 2O4I3 Improves OSKM-Induced Reprogramming(A and B) (A) O4I3 induces OCT4 and (B) SOX2 expression in human fibroblasts treated with O4I3 (50 nM) for the indicated time points (D, days).(C) Efficiency of OSKM-induced reprogramming in the presence or absence of O4I3 in human fibroblasts 1--4 (HF1--HF4). ESC-like colonies were detected by TRA-1-60 staining.(D) Reprogramming of resistant fibroblasts carrying LTR7-EGFP promoter. ESC-like GFP+ colonies were observed in bright field (BF) and GFP channel (GFP).(E) ESC-like colonies detected from newly generated hiPSC lines.(F) Expression of pluripotency-associated markers in the newly generated iPSC1, 2, and 3 when compared with hPSC1--3 as positive controls, determined by immunoblotting.(G) Co-expression of OCT4 and SOX2 in the newly generated iPSCs.(H) Scatterplots of gene expression data show high similarity between the newly generated iPSCs (hiPSC_1 and hiPSC_2) and hPSC (positive control), but not human fibroblasts (HF). All scatterplots are based on log2-transformed gene expression values. Red dashed lines depict the 2-fold change in expression values.In (A) and (B) statistical significance was compared with mock (0.1% DMSO) treatment in fibroblasts, whereas in (C) it was compared with the efficiency obtained by ectopic expression of OSKM using two-way ANOVA followed by a post-hoc Tukey test. Data are represented as mean ± SD. \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05.

Studies have reported that senescence and other unknown cellular processes can confer donor fibroblasts resistance to reprogramming ([@bib11], [@bib31], [@bib48]). We tested if O4I3 enables reprogramming of refractory fibroblasts. For this, the following two HF cell lines resistant to OSKM-mediated reprogramming were selected: (1) the HFF-LTR7-EGFP cell line (at passage \>40), which expresses EGFP under the control of the LTR7 promoter, known to be activated during reprogramming ([@bib42]), and (2) HF4, isolated from a patient sample ([Figure 2](#fig2){ref-type="fig"}C). iPSC-like colonies appeared in both cases in the presence of O4I3 ([Figures 2](#fig2){ref-type="fig"}C and 2D) as well as in the presence of zolpidem at a concentration of 10 μM ([Figure S3](#mmc1){ref-type="supplementary-material"}B).

Characterization of the Newly Generated hiPSCs {#sec2.4}
----------------------------------------------

We expanded hiPSC-like colonies and cultivated them for at least 30 passages under feeder-free conditions. Established hiPSC lines showed typical human ESC morphology ([Figure 2](#fig2){ref-type="fig"}E) and expressed pluripotency markers such as OCT4, SOX2, E-Cadherin, and NANOG in a comparable manner to those in hPSCs ([Figures 2](#fig2){ref-type="fig"}F and 2G). More than 95% of new hiPSCs co-expressed TRA-1-60 and E-Cadherin, as well as TRA-1-81 and OCT4 analyzed by FACS ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Comparative DNA microarray data showed that pluripotency-associated genes (Pou5F1 encoding OCT4, CDH1 encoding E-Cadherin, EPCAM, and DNMT3B) were highly expressed in hiPSC_1 and hiPSC_2, whereas fibroblast-related genes (CDH2, TWIST1, TWIST2, and SNAI2) were suppressed ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Visualization of global gene expression profiles by both scatterplots and heatmap shows a higher similarity of gene expression patterns between the newly generated hiPSCs and hPSCs (as positive controls) when compared with that of HF ([Figures 2](#fig2){ref-type="fig"}H and [S4](#mmc1){ref-type="supplementary-material"}B). Moreover, differentiated hiPSCs showed expression of markers of mesoderm (T, SLUG, and SNAI1), ectoderm (PAX6, Nestin, and Tuj1), and endoderm (AFP, FOXA2, and SOX17) ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D) using respective standard protocols, which further confirmed the pluripotency properties of the new hiPSCs.

O4I3 Is an Epigenetic Modulator {#sec2.5}
-------------------------------

To obtain further insight into the mechanism of action of O4I3, we compared the global gene expression of HF, HF treated with O4I3 (HF-O4I3), HF transfected with episomal OSKM (HF-OSKM), and hiPSCs. Overlap in over 40% of all regulated genes was observed among HF-O4I3, HF-OSKM, and hiPSCs ([Figure 3](#fig3){ref-type="fig"}A), including genes involved in cell cycle progression and DNA replication (e.g., CDK1, MYC, and CDC25), and mesenchymal-epithelial-transition-associated genes (upregulation of CDH1 encoding E-Cadherin, EPCAM, CRB3, and OCLN, as well as downregulation of TWIST2). More than 30% of them were found to be involved in epigenetic modification and chromatin remodeling ([Figures 3](#fig3){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}A), for example, OCT4 (POU5F1), LIN28, MYCN, KIFs, DNMT3B, HDAC2, TET1, EZH2, and JARID2, which are of importance in somatic reprogramming and maintenance of pluripotency ([@bib1], [@bib19]). We performed Gene Ontology (GO)-based functional enrichment analysis of regulated genes in HF-O4I3 compared with HF and found that a number of specialized terms associated with epigenetic and chromatin regulation were on top of the regulated terms ([Figure 3](#fig3){ref-type="fig"}B), including sister chromatid segregation (GO:0000819) and sister chromatid cohesion (GO:0007062), ribonucleoprotein complex biogenesis (GO:0022613), organelle fission (GO:0048285), and DNA replication (GO:0006260). Gene enrichment analysis on RNA sequencing also showed that the top signaling pathways regulated by O4I3 in HFs included regulation of organismal process, system development and embryo implantation, as well as cell differentiation ([Figure S5](#mmc1){ref-type="supplementary-material"}A)Figure 3O4I3 Is an Epigenetic Modulator(A) Venn diagram of up- and downregulated genes in O4I3 (50 nM)-treated human fibroblasts (HF) with ectopic expression of OCT4, SOX2, KLF4, and MYC (OSKM) as well as hiPSCs. HF-O4I3, HF cells treated with O4I3 (50 nM for 24 h); HF-OSKM, HF cells transfected with episomal OSKM; iPSCs, the newly generated iPSCs. Differential expression was calculated with respect to HF cells.(B) Comparison of expression profiles of genes involved in epigenetic modification, chromatin remodeling, and related biological processes.(C) Occupation of H3K4Me3 or H3K27Me3 at the promoter of OCT4 in HF cells transfected with OSKM alone or in the presence of 50 nM of O4I3 (O3-OSKM) for 3 days.(D) O4I3 elevates the global levels of H3K4Me3 detected by immunocytochemistry. Cells were treated with 250 nM O4I3 for 3 days. Scale bar, 40 μm.(E) Immunoblotting results show that O4I3 promotes global H3K4Me3 expression, whereas it represses H3K9Me3 protein levels in a concentration- and time-dependent manner. Cells were treated either with increasing concentrations of O4I3 for 24 h or with 250 nM of O4I3 for the indicated time points.(F) O4I3 protects the methylation of H3K4, as observed by an *in vitro* methylation assay using total nuclear extraction.In (C) statistical significance was compared with OSKM-treated fibroblasts using two-way ANOVA followed by a post-hoc Tukey test. Data are represented as mean ± SD. \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05.

Recently, Onder and co-workers performed a loss-of-function screen of 22 epigenetic regulators and found that the inhibition of DOT1L and eight other genes promoted iPSC generation ([@bib23]). We found that O4I3 significantly repressed six of these nine genes, including DOT1L ([Figure S5](#mmc1){ref-type="supplementary-material"}B).

O4I3 Promotes the Methylation of H3K4 {#sec2.6}
-------------------------------------

hiPSC derivation is an epigenetic reprogramming process ([@bib47]). Genome-wide analysis of histone modification and chromatin remodeling revealed the number of alternations occurring at the early stage of reprogramming, including the hypermethylation of H3K4 ([@bib15]) and the demethylation of H3K27 and H3K9 ([@bib6], [@bib39]). These loosen the compacted heterochromatin and promote transcription factors binding to the "open" chromatin to initiate the reprogramming ([@bib15], [@bib33]).

We investigated the transfection efficiency in HF1 and HF4 using the same episomal vector carrying cytomegalovirus (CMV)-driven GFP ([@bib22]). We could not observe a significant difference between two cell lines, as determined by FACS analysis ([Figure S5](#mmc1){ref-type="supplementary-material"}C). This result suggested that the resistance was unlikely associated with low transfection efficiency. To study the epigenetic effects of O4I3 and its relevance to reprogramming, we focused on two histone modifications at the promoter of OCT4, namely, H3K4Me3, known to be related to gene activation, and H3K27Me3, which indicates gene repression. Chromatin immunoprecipitation-qPCR results in two reprogrammable fibroblasts (HF1 and HF2) and in two reprogramming-resistant fibroblasts (HF3 and HF4) showed that OSKM was sufficient to induce abundant occupation of H3K4Me3 at the promoter of OCT4 in HF1 and HF2 in a comparable manner to those in iPSCs, while producing 1,000- to 10,000-fold less in reprogramming-resistant cells ([Figures 3](#fig3){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}D). The level of H3K27Me3 at the OCT4 promoter was minimally affected in our experiments ([Figure 3](#fig3){ref-type="fig"}C). Analysis on the global level of H3K4Me3 by immunocytochemistry showed the increase of H3K4Me3 upon O4I3 treatment ([Figures 3](#fig3){ref-type="fig"}D and [S5](#mmc1){ref-type="supplementary-material"}E). Immunoblotting confirmed a dose- and time-dependent increase of global H3K4Me3 expression in fibroblast, whereas H3K27Me3 remained mostly unaffected ([Figure 3](#fig3){ref-type="fig"}E). In an *in vitro* methylation assay, O4I3 protected methylated H3K4 with an IC~50~ value of 20 nM ([Figure 3](#fig3){ref-type="fig"}F). Trimethylation of H3K9 has been reported to block reprogramming by recruiting heterochromatin protein 1 to form heterochromatin at the core of pluripotency loci ([@bib6]), which interferes with the hypermethylation of H3K4 ([@bib4]). Accordingly, we found the reduction of global H3K9Me3 posterior to H3K4Me3 activation ([Figures 3](#fig3){ref-type="fig"}E and [S5](#mmc1){ref-type="supplementary-material"}F).

O4I3 Is a Potent KDM5 Inhibitor {#sec2.7}
-------------------------------

HMT and HDM are two major classes of enzymes, contributing to the regulation of histone methylation. Lysine-specific demethylase 1 (LSD1) and histone lysine demethylase 5 (KDM5, also known as JARID1) majorly catalyze demethylation of H3K4 ([@bib16]). A few KDM5 chemical inhibitors have been reported to inhibit demethylation of H3K4, leading to an increase of global methylated H3K4 in various cell types ([@bib14], [@bib41], [@bib43]). We tested the inhibitory effect of O4I3 on LSD1 and KDM5. KDM4 (also known as JMJD2), the HDM of H3K9 and H3K36, was also included. We found that O4I3 inhibited KDM5 with IC~50~ values of 0.79 nM, whereas it inhibited KDM4 with a 500-fold less potency (IC~50~: 249 nM). In the case of LSD1, we hardly detected the inhibitory effect of the molecule even at a concentration of 100 μM ([Figure 4](#fig4){ref-type="fig"}A).Figure 4O4I3 Is a Selective KDM5A Inhibitor(A) Comparison of O4I3 inhibitory effect on KDM5, LSD1, and KDM4 *in vitro* using the whole-cell nuclear extraction.(B) The inhibitory effect of O4I3 on the members of KDM5 family of demethylases isolated from cells.(C) A selective KDM5A inhibitor JIB-04 induces OCT4 expression in NCCIT-OCT4 cells. Four histone demethylase inhibitors (HDMs), namely, CPI-455, JIB-04, GSK-J4, and daminozide, were incubated with NCCIT-OCT4 reporter cells for 48 h.(D) JIB-04 (5 μM) induces OCT4 expression in fibroblasts at the indicated time points (D, days).(E) Comparison of KDM5A and KDM5B expression levels in fibroblast (HF1), resistant fibroblast (HF4), HF4 transfected with OSKM, iPSCs, and NCCIT.(F) Knockdown of KDM5A (si5A) activates OCT4 in NCCIT-OCT4 reporter cells. Cells were transfected with various KDM5 siRNA concentrations for 48 h.(G) Transient knockdown (48 h) of KDM5A induces OCT4 and SOX2 expression in fibroblasts.(H) Overexpression of KDM5A (OE5A) compromises the effect of O4I3 (100 nM, 48 h) in NCCIT-OCT4 and HEK-OCT4 cells.(I) The number of TRA-1-60-positive colonies was reduced in reprogramming-resistant fibroblasts with overexpression of KDM5A.In (C), (D), and (F) statistical significance was compared with mock (0.1% DMSO) treatment, in (G) with non-targeting siRNA and in (E) with HF4, whereas in (H) and (I) it was compared with OSKM-treated fibroblasts using two-way ANOVA followed by a post-hoc Tukey test. Data are represented as mean ± SD. \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05.

In mammalian cells, the KDM5 family consists of four members, namely, KDM5A (known as JARID1A), KDM5B (known as JARID1B or PLU1), KDM5C (JARID1C), and KDM5D (JARID1D or SMCY) ([@bib14]). Selectivity was found for KDM5A with an IC~50~ value of 0.19 nM, whereas 20-, 40-, and 1,000-fold less potent IC~50~ values were obtained in the case of KDM5D, KDM5C, and KDM5B, respectively ([Figure 4](#fig4){ref-type="fig"}B). As expected, zolpidem protected H3K4 methylation and inhibited the expression of both KDM5 and KDM4 at micromolar concentrations ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Next, we tested four KDM chemical inhibitors. We found 3- and 5-fold induction of OCT4 expression in NCCIT-OCT4 reporter cell line in the presence of KDM5 inhibitors, CPI-455 ([@bib41]) and JIB-04 ([@bib43]), respectively, but not in the presence of H3K27 demethylase inhibitor, GSK-J4 ([@bib17]) or the KDM2/7 inhibitor, daminozide ([@bib27]), a plant growth regulator ([Figure 4](#fig4){ref-type="fig"}C). We detected the induction of OCT4, SOX2, and E-Cadherin expression in JIB-04-treated HFs ([Figures 4](#fig4){ref-type="fig"}D and [S6](#mmc1){ref-type="supplementary-material"}B).

JIB-04 is a potent KDM5A inhibitor (IC~50~: 230 nM) and was found to produce a higher induction of OCT4 compared with the pan KDM5 inhibitor, CPI-445 ([Figure 4](#fig4){ref-type="fig"}C). We questioned if the members of the KDM5 family contribute differently to the induction of pluripotency. KDM5B has been shown to be crucial in the early embryonic development and plays an important role in ESC maintenance ([@bib46]) and neural differentiation ([@bib29]). However, little is known about the function of other members of the KDM5 family of genes in development. We thus re-analyzed the KDM5A-D expression during human preimplantation ([@bib40]) and compared their expression patterns with those of the putative pluripotency markers, OCT4 and NANOG. KDM5B showed a similar expression pattern to OCT4 and NANOG, whereas KDM5A behaved oppositely ([Figure S6](#mmc1){ref-type="supplementary-material"}C). In the case of KDM5D, the difference was not significant and KDM5C remained unaffected between ESC and oocyte ([Figure S6](#mmc1){ref-type="supplementary-material"}C). We further compared the expression of KDM5A-5D in fibroblasts, reprogrammed fibroblasts by OSKM, iPSCs, and NCCIT ([Figures 4](#fig4){ref-type="fig"}E and [S7](#mmc1){ref-type="supplementary-material"}A). KDM5A was preferentially expressed in reprogramming-resistant fibroblasts, whereas KDM5B was more pluripotency related ([Figure 4](#fig4){ref-type="fig"}E), which was in agreement with previous gene expression profiling data ([Figure S7](#mmc1){ref-type="supplementary-material"}B) ([@bib36]), as well as immunoblotting results ([Figure S7](#mmc1){ref-type="supplementary-material"}C). As JIB-04 also inhibits KDM4 and KDM6 demethylases, we repressed the expression of KDM5A-D using RNA interference (small interfering RNA \[siRNA\]) and found significantly higher OCT4 reporter activity in NCCIT-OCT4 cells ([Figure 4](#fig4){ref-type="fig"}F), as well as higher mRNA levels of OCT4 and SOX2 in HFs in the absence of KDM5A and KDM5D expression, but not in KDM5B and KDM5C knockdown cells ([Figures 4](#fig4){ref-type="fig"}G and [S7](#mmc1){ref-type="supplementary-material"}D). Notably, the effects of KDM5D repression were found to be less significant when compared with those of KDM5A knockdown, most probably due to the various transfection efficiencies ([Figure S7](#mmc1){ref-type="supplementary-material"}D). Moreover, knockdown of KDM5A also increased the global levels of H3K4Me3 with or without OSKM ([Figure S7](#mmc1){ref-type="supplementary-material"}E). Overexpression of KDM5A compromised these effects caused by KDM5A inhibition (either O4I3 or JIB-04) in NCCIT-OCT4 reporter cells in a concentration-dependent manner, as well as in HEK-OCT4 reporter cells ([Figures 4](#fig4){ref-type="fig"}H, [S7](#mmc1){ref-type="supplementary-material"}F, and S7G). Conversely, cells were resistant to KDM5A chemical inhibitors in the absence of KDM5A expression ([Figure S7](#mmc1){ref-type="supplementary-material"}G). Of note, at concentrations of 10 and 100 nM, O413 treatment alone showed higher OCT4 levels when compared with that of O4I3 combined with siRNA-mediated KDM5A inhibition ([Figure S7](#mmc1){ref-type="supplementary-material"}G), which may be due to the insufficient knockdown efficiency ([Figure S7](#mmc1){ref-type="supplementary-material"}D). As expected, overexpression of KDM5A also affected the formation of TRA-1-60-positive colonies in OSKM-mediated reprogramming of HFs ([Figure 4](#fig4){ref-type="fig"}I). Taken together, our results confirm the importance of KDM5A in the induction of pluripotency markers and the process of reprogramming of HFs.

Inhibition of KDM5A Promotes Reprogramming of Resistant Fibroblasts {#sec2.8}
-------------------------------------------------------------------

In reprogramming-resistant HF4, the level of H3K4Me3 at the promoter of OCT4 was increased by OSKM, but was still nearly 1,000-fold lower than that in PSCs ([Figure 5](#fig5){ref-type="fig"}A). In combination with OSKM overexpression, genetic repression of KDM5A expression using either KDM5A siRNA or chemical inhibition of KDM5A activity by JIB-04, significantly elevated the levels of H3K4Me3 ([Figure 5](#fig5){ref-type="fig"}A). However, a clear influence on H3K4 methylation was not observed in the presence of KDM5B-, KDM5C-, or KDM5D-siRNA ([Figure 5](#fig5){ref-type="fig"}A). Correspondingly, OSKM failed to force the expression of reprogramming-associated genes (POU5F1, SOX2, and CDH1) in the absence of KDM5A siRNA or JIB-04 in reprogramming-resistant fibroblasts ([Figure 5](#fig5){ref-type="fig"}C), implicating that OSKM was not sufficient to activate OCT4 to initiate reprogramming in those patient primary fibroblasts. Indeed, the reprogramming efficiency is negatively correlated with the expression of KDM5A in 11 HFs ([Figure 5](#fig5){ref-type="fig"}D). Moreover, KDM5A siRNA increased the global level of H3K4Me3 in a dose-dependent manner ([Figures 5](#fig5){ref-type="fig"}E and [S7](#mmc1){ref-type="supplementary-material"}E). Of note, the alternation in the occupation of H3K27Me3 at the promoter of OCT4 was more refractory to chemical inhibition or genetic repression of KDM5s in our experiments ([Figure 5](#fig5){ref-type="fig"}B).Figure 5KDM5A Is a Reprogramming Barrier(A and B) (A) Suppression of KDM5A activity by siRNA or JIB-04 (5 μM, 48 h) promotes the enrichment of H3K4Me3 at the promoter of OCT4 in resistant fibroblasts, (B) but not that of H3K27Me3. Ct values were obtained from qRT-PCR.(C) Suppression of KDM5A activity by JIB-04 or KDM5A siRNA (siKA) induces POU5F1, SOX2, and CDH1 mRNA levels during reprogramming, as determined by qRT-PCR.(D) Correlation between reprogramming efficiency and KDM5A expression in HF1-HF11. The same amount of each cDNA was used as template for qRT-PCR where the Ct values indicate the expression of KDM5A.(E) Knockdown effects of increasing concentrations of anti-KDM5A siRNA (siKDM5A, 48 h) on H3K4Me3 expression levels in HF.(F) Reprogramming efficiency using various patient primary fibroblasts, as determined by the number of TRA-1-60-positive colonies. Cells were either transiently transfected with the indicated siRNA oligos in the first 5 days or treated with JIB-04 (5 μM, 48 h). siK5ABCD, anti-KDM5A/B/C/D siRNA; siK5AD, anti-KDM5A/D siRNA; siK5CD, anti-KDM5C/D siRNA; siK5A, anti-KDM5A siRNA; siK5B, anti-KDM5B siRNA; siK5C, anti-KDM5C siRNA; and siK5D, anti-KDM5D siRNA. In (A), (B), and (F) statistical significance was compared with OSKM-treated fibroblasts, whereas in (C) it was compared with DMSO (0.1%) treatment using two-way ANOVA and a post-hoc Tukey test. Data are represented as mean ± SD. \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05.

Transient suppression of KDM5A expression with either KDM5A siRNA or chemical inhibition mimicked the effect of O4I3 to either increase the episomal-based reprogramming efficiency in normal fibroblasts or to facilitate the formation of ESC-like TRA-1-60-positive colonies in reprogramming-resistant fibroblasts ([Figures 5](#fig5){ref-type="fig"}F and [S8](#mmc1){ref-type="supplementary-material"}A). These ESC-like colonies could be isolated and expanded to establish stable hiPSC cell lines with the expression of pluripotency markers, like OCT4, SOX2, E-Cadherin, TRA-1-60, and TRA-1-81, and full differentiation potential ([Figures S8](#mmc1){ref-type="supplementary-material"}B and S8C).

Discussion {#sec3}
==========

In 2006, Yamanaka and his co-workers successfully converted mouse fibroblasts into iPSCs with viral overexpression of OSKM ([@bib37]). This technology provides a simple approach to manipulate cell fate and thereby greatly advances the research in the field of regenerative medicine ([@bib35], [@bib38]). After a decade of research, the molecular mechanisms by which OSKM mediated somatic cell reprogramming are still incompletely understood. Reprogramming is a stochastic and inefficient process ([@bib48]). Initially, Takahashi et al. reported a reprogramming efficiency of 0.01% in HFs using retroviral infection ([@bib35]). Recently, non-integrating reprogramming methods have been established, including episomal transfection, one of a few approaches suitable for biosafety level 1 laboratory. However, there are several shortcomings being associated with this technique, including low reprogramming efficiency (0.01%) ([@bib28]). Seeking for small molecules able to promote somatic cell reprogramming, we screened ∼250,000 chemicals in cell-based assays and identified a series of O4Is ([@bib7], [@bib8]). Here, we report that O4I3, a compound sharing an imidazopyridine backbone with the anti-insomnia drug zolpidem ([@bib45]), not only promotes the viability of hPSC in single-cell expansion and elevates the episome-based reprogramming efficiency (from ∼0.01% to ∼0.1%) but also importantly facilitates the reprogramming of patient primary fibroblasts, which are resistant to reprogramming.

In general, the ability of transcription factors to bind their corresponding promoter elements is influenced by epigenetic properties of the chromatin structure, including DNA methylation, histone modifications, and ATP-dependent chromatin remodeling. A number of studies have shown that Yamanaka transcription factors recruit a number of epigenetic modifiers including histone post-translational-modifying enzymes, nucleosome remodeling factors, and DNA methylation enzymes at multiple stages of the reprogramming process ([@bib32], [@bib33]). In terminally differentiated somatic cells, genomic DNA related to pluripotency is tightly compacted into nucleosomes, the basic structure of chromatin consisting of the histone octamer (two copies, each consists of four histone molecules) wrapped with a length of 146-base pair DNA, to form higher-order chromatin structures, called heterochromatin, for gene silencing ([@bib25]). At the initial stage of reprogramming, the pioneer factors, OCT4, SOX2, and KLF4 (OSK), bind to the nucleosomal pluripotency loci preferentially at regions far from the TSS (TSS-distal), and also at TSS-proximal, and induce H3K4 methylation first at the enhancer regions 50--500 kb from TSS ([@bib33], [@bib34]) and later on at the promoters, resulting in gene expression changes ([@bib2], [@bib34]). Nevertheless, the influence of OSK on the pre-existing histone modifications, H3K27Me3, for instance, is very limited ([@bib34]). Furthermore, a genome-wide methylome analysis has previously revealed the gain of H3K4Me3 at promoters of pluripotency-associated genes during somatic cell reprogramming of mouse fibroblasts and B lymphocytes ([@bib19]). Thus it is conceivable that applying chemicals that protect H3K4 methylation could overcome this epigenetic barrier during the reprogramming process. O4I3 not only enhanced the expression of global H3K4Me3 in cells and prevented the demethylation of H3K4 *in vitro* but also increased the occupancy of H3K4Me3 at the promoter of OCT4. Consequently, exogenous reprogramming factors bind to promoter regions marked by trimethylated H3K4, which makes the chromatin structure more accessible.

Histone methylation is a reversible process. In mammals, the COMPASS (complex proteins-associated with SET1)-like proteins belong to the "writers" of H3K4, whereas KDM5s specifically remove ("erase") methyl groups from H3K4, unlike LSD1, which also demethylates H3K9Me1/2/3 ([@bib16]). In this regard, the LSD1 inhibitor, parnate has been reported to promote reprogramming ([@bib12], [@bib47]). Methylation of H3K9 represses gene expression and is considered as an epigenetic barrier for reprogramming ([@bib6]). Thus parnate-induced pluripotency may be due to blocking the expression of differentiation-related genes via inhibition of H3K9 demethylation along with the activation of pluripotency markers through the enrichment of methylated H3K4 at their corresponding promoters or enhancers. We observed that O4I3 and zolpidem specifically inhibited KDM5 activity, an effect that could not be detected in the case of LSD1, suggesting that facilitation of H3K4 methylation at the promoter and enhancer regions of pluripotency genes might be the major reason for imidazopyridine-induced reprogramming in resistant fibroblasts.

Dynamic regulation of H3K4 methylation from oocyte stage to preimplantation suggests that KDM5s contribute to the embryonic development ([@bib2]). Indeed, the essential role of KDM5B in ESC self-renewal and pluripotency has been reported ([@bib29], [@bib46]). Re-analysis of gene expression data during human preimplantation ([@bib40]) interestingly showed a negatively correlated expression pattern of KDM5A when compared with that of KDM5B and to those of pluripotency markers, OCT4 and NANOG. We found that KDM5A was highly expressed in HFs and was repressed during cellular reprogramming. Thus the observation that O4I3 supported the maintenance and acquisition of pluripotency in HFs might be due to its selective inhibition on KDM5A. As a proof of concept, suppression of KDM5A expression either chemically, using the specific chemical inhibitor JIB-04 ([@bib43]), or with siRNA mimicked the function of O4I3, in terms of induction of pluripotency markers, whereas ectopic expression of KDM5A compromised the effect of O4I3 on reprogramming. Recently, Pfaff et al. reported that de-repression of Kdm5A by miRNA-212/132 improved the reprogramming efficiency in murine embryonic fibroblasts ([@bib26]). Mouse iPSCs are close to naive ESCs, whereas hiPSCs are rather primed pluripotent. Thus, it is interesting to investigate whether KDM5A plays opposing roles in naive and primed states of pluripotency.

The generation of patient-specific clinic-grade iPSCs is a prerequisite for applying transcription-factor-mediated reprogramming for personalized therapies. Compelling experimental results showed that the initiation of reprogramming is associated with hypermethylation of H3K4 at the promoters or enhancers of pluripotency genes. We identified a novel class of imidazopyridines as potent H3K4-specific KDM5 inhibitors through HTS and demonstrated that KDM5A, but not KDM5B, is an epigenetic barrier to reprogramming and that inhibition of KDM5A activity enables the induction of pluripotency in reprogramming-resistant patient-derived primary fibroblasts.

Limitations of the Study {#sec3.1}
------------------------

There are several issues remaining to be addressed with regard to the inhibitory effect of O4I3 on KDM5 and its correlation with the induction of pluripotency, including (1) the influence of O413 on epigenetic modifiers other than those of the KDM5 family, such as other histone methyl transferases or demethylases; (2) the mode of interaction of O413 with KDM5 demethylase enzymes; and most importantly (3) the combinations of small molecules by which exogenous OCT4 can be replaced in the context of OSKM-mediated reprogramming.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availibility {#appsec1}
==============================

All DNA microarray data have been deposited in GEO under the accession number: [GSE123668](ncbi-geo:GSE123668){#intref0010}. RNA sequencing data have been deposited in the Bioproject database, NCBI. The accession number is SUB4899089.

Supplemental Information {#appsec3}
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Document S1. Transparent Methods, Figures S1--S8, and Tables S1--S3
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